The effects of metallurgical factors on the aqueous corrosion behavior of highentropy alloys (HEAs) are reviewed in this article. Alloying (e.g., Al and Cu) and processing (e.g., heat treatments) effects on the aqueous corrosion behavior of HEAs, including passive film formation, galvanic corrosion, and pitting corrosion, are discussed in detail. Corrosion rates of HEAs are calculated using electrochemical measurements and the weight-loss method. Available experimental corrosion data of HEAs in two common solutions [sulfuric acid (0.5 M H 2 SO 4 ) and salt water (3.5 weight percent, wt.%, NaCl)], such as the corrosion potential (E corr ), corrosion current density (i corr ), pitting potential (E pit ), and passive region (ΔE), are summarized and compared with conventional corrosionresistant alloys. Possible directions of future work on the corrosion behavior of HEAs are suggested.
The cost of corrosion in the United States (U.S.) is estimated to have increased from $276 billion in 1998 to $1 trillion in 2013, which is 6.2% of the U.S. gross domestic product (GDP) [1, 2] . Therefore, the study on the corrosion behavior and degradation mechanism of metals and alloys and the development of corrosion-resistant materials are of enormous economic benefits. Materials to be used in long-term applications as structural or functional materials are expected to possess satisfying corrosion resistance. Noble metals (e.g., Ag, Au, Pt, etc.) are stable and exhibit excellent corrosion resistance even in aggressive environments [3] , but the scalability of noble metal applications is restricted by their high cost and poor mechanical properties [3] . Another category of corrosion-resistant materials includes stainless steels, titanium alloys, cobalt-chromium alloys, and so forth, which are widely used in industry. The underlying corrosion-resistant mechanism for these metals or alloys involves the formation of passive films on the surface, which protects the underneath metals or alloys from further corrosion. In addition to the alloy composition, the corrosion behavior of metallic materials is also determined by their microstructures [3] . For example, carbides at grain boundaries of stainless steels deteriorate their corrosion resistance due to the formation of susceptible Cr-depleted zones, which can be diminished by heat treatments [4] . Therefore, metallurgical factors, including alloying and processing (e.g., heat treatments) parameters, are also very important in the development and investigation of corrosion-resistant metals or alloys.
Recently, a novel class of advanced structural materials, called High-Entropy Alloys (HEAs) or Multi-Principal-Element Alloys (MPEAs), has been proposed and developed [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . Compared with conventional alloys containing one or two principal elements, HEAs are usually composed of five or more elements with equimolar or near equimolar elemental fractions, which form disordered solidsolution phases, specifically body-centered-cubic (BCC) and/or face-centered-cubic (FCC) phases. Both single-phase and multi-phase HEAs are expected to exhibit superior corrosion resistance relative to conventional alloys. Most HEAs contain passivating elements, such as Al, Cr, Mo, etc., which facilitate the formation of passive layers, similar to the case of stainless steels. Meanwhile, HEAs tend to be free of impurities or inclusions, which usually act as corrosion-initiation sites [4] . In particular, some HEAs, forming single-phase solid solutions with homogenous chemical compositions [18, 19] , are also expected to yield good corrosion resistance, along with their combination of excellent microstructural stability and decent mechanical properties. Such unique properties of HEAs make them good candidates for practical corrosion-resistant applications. A number of investigations on the corrosion behavior of HEAs have been reported, which revealed equivalent or superior corrosion resistance of HEAs in various aqueous environments, as compared with conventional corrosion-resistant alloys, such as 304 stainless steel (SS) [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] .
This article provides an overview on the aqueous corrosion resistance of HEAs and summarizes the effects of metallurgical variables, particularly alloying and heat-treatment parameters, on their corrosion behaviors.
Review and Discussion
In terms of alloy design, alloying with different elements and heat treatment are common strategies to enhance/modify material properties. Materials' behavior, including not only mechanical properties (e.g., tensile strength and ductility) but also corrosion resistance, will be influenced by the microstructures produced by alloying different elements and various heat treatments. Elemental alloying can affect the corrosion resistance in many different ways, including nobility shifts, dissolution kinetics, passive-film properties, phase structures, the ability to catalyze the cathodic half-reaction, and other corrosioninfluencing parameters [3] . On the other hand, through certain heat treatments, sensitized materials that form Cr-depleted regions along grain boundaries will be stabilized and perform better in aqueous corrosion environments.
Corrosion Behavior of Al-Alloying HEAs
Passivating elements (e.g., Al, Cr, and Ti) tend to encourage the formation and enhance the performance of passive films. A well-known example of passive film enhancement by alloying is the addition of Cr to steels [3] . A variety of mechanisms were proposed to explain the effect of alloying on the properties of passive films, including: (1) an increase in the thermodynamic stability of the passive film, (2) an enhanced tendency to form a continuous barrier between materials and environments, (3) a decrease in the dissolution kinetics, (4) lower critical currents for passivation, (5) higher rates of repassivation, (6) the suppression of electron transfer, and (7) the superior wear resistance to diminish possibilities for erosion corrosion [26, [36] [37] [38] [39] .
It was previously found that in HEA systems Al alloying can significantly affect phase-structure evolution [13, 15, 26, 27, 40] . With increasing Al contents, lattice types vary from FCC to FCC+BCC, and eventually to BCC+B2 (namely a NiAl-type ordered phase structure) structure in several HEA systems, such as Al x CoCrCuFeNi [6] , Al x CoCrFeNi [41] , and Al x CrCuFeNi 2 [42] . These changes in crystal structures induced by Al alloying can significantly affect the corrosion behavior of the HEAs. Considering their effects on the resulting mechanical and corrosion behaviors, Al alloying can be either beneficial or detrimental, which will be discussed in detail below.
Taking the Al x CoCrFeNi (x ≤ 1) alloy system as an example, although Al addition enhances the strength of the alloy at the cost of the reduced ductility due to phase changes, from FCC to FCC+BCC, and eventually to BCC+B2 lattice structures (Figure 1 ), excessive Al addition deteriorates the corrosion resistance of this HEA system in sulfuric acids. Kao and colleagues have reported the corrosion behavior of Al x CoCrFeNi (x ≤ 1) alloys with different microstructures in 0.5 M H 2 SO 4 solution. As shown in Figure 1 , after immersion tests, few indications of corrosion were observed on the surfaces of both Alfree (x = 0) and low Al content (x = 0.25) Al x CoCrFeNi alloys, which were composed of single FCC phase. With an increase in Al to x = 0.5, the BCC phase emerged, resulting in a mixture of BCC and FCC phases. Signs of corrosion can be observed on Al 0.5 CoCrFeNi surfaces, which were mainly found on the BCC phase, whereas the FCC phase retained a smooth morphology. The BCC+B2 microstructure of a high-Al content Al x CoCrFeNi (x = 1) alloy was correlated to the lowest corrosion resistance, whereby a rough morphology was observed after immersion tests [26] . The decrease in corrosion resistance of Al x CoCrFeNi (x ≤ 1) with increasing the Al concentration was attributed to the formation of pores and the inferior quality of its passive films, which is more distinct at higher temperatures and higher chloride concentrations in chloride-containing solutions [26] . Electrochemical-impedance-spectroscopy (EIS) results have indicated that the passive films become thicker and more dispersive with increasing Al, causing the passivation current (i pass ) to increase in the Al x CoCrFeNi HEA system when exposed to sulfuric solution [26] . In cases of high Al ratio (x ≥ 0.5), the passive film became unstable and can easily form metastable ion complexes, which eventually dissolve away [26] . Therefore, FCC structures with low Al ratios (x ≤ 0.25) have better passive performance and corrosion resistance in the Al x CoCrFeNi HEA system. In fact, the concept that alloys with an FCC structure exhibit higher passivity has been previously employed in the design of 18-8 stainless steels (Fe-18Cr-8Ni in weight percent), the corrosion resistance of which was enhanced by the addition of the austenite (an FCC structure) stabilizer Ni [43] .
Similarly, the increase in the corrosion resistance with the decrease in the Al fraction was also found in Al x CrFe 1.5 MnNi 0.5 HEAs tested in H 2 SO 4 and NaCl solutions [27] . As shown in Figure 2 , scanningelectron-microscopy (SEM) micrographs revealed that the general dissolution and pitting-corrosion susceptibility of the HEAs increased as the amount of Al increased [27] . On the surface of the CrFe 1.5 MnNi 0.5 alloy, there was almost no pitting behavior, while the Al 0.5 CrFe 1.5 MnNi 0.5 alloy suffered from localized corrosion, which was more significant than that of the Al 0.3 CrFe 1.5 MnNi 0.5 alloy. This trend may be due to the fact that Al tends to form a porous oxide film on the surface of the substrate in the sulfuric acid, resulting in weaker and more porous oxide regions, which suffer from galvanic corrosion [27, 44] . On the other hand, different microstructures, changing from FCC+α-FeCr (CrFe 1.5 MnNi 0.5 ), to FCC+BCC (Al 0.3 CrFe 1.5 MnNi 0.5 ), and eventually to BCC (Al 0.5 CrFe 1.5 MnNi 0.5 ) lattice structures may also influence the corrosion behavior. The increase in the Al content encourages the growth of the BCC phase, whereas the passive films on the surfaces of an FCC structure with low Al ratios (e.g., x ≤ 0.25) in the Al x CrFe 1.5 MnNi 0.5 HEA system tend to be more stable and thus more corrosion-resistant in certain aqueous corrosion environments (e.g., 0.5 M H 2 SO 4 solution in Table 1 ). Overall, the passive films formed on the surfaces of an FCC-structured HEA with low Al concentrations (x ≤ 0.25) tend to be more stable and corrosion-resistant. 
Corrosion Behavior of Cu-Alloying HEAs
Theoretically, the microstructures of HEAs are characterized by solid-solution phases (BCC and/or FCC) due to their high entropy, inhibiting the formation of intermetallic compounds and increasing the solubility of other elements [6] . In HEAs with an equimolar fraction for each element, the configuration entropy increases logarithmically with the number of components, based on the following equation: ln 1 w here N is the total number of elements in the solution phase, and R is the ideal gas constant. High-entropy solid-solution phases form due to the contribution from the higher entropy, compared with conventional alloys, according to the definition of the Gibbs free energy of mixing (ΔG m ) for a solid-solution phase:
where H m is the enthalpy of mixing, S m is the entropy of mixing, and T is the absolute temperature. However, in practice only a few compositions form single high-entropy disordered solid solutions, while others either contain more than one phase, or have elemental partitioning among phases. The main reason may be that the configurational entropy with equimolar and near equimolar fractions of constituent elements may be not high enough to compete with the formation of compound phases. Also, the effect of other entropy sources, such as vibrational entropy, cannot be ignored [17] . For some HEAs with single solid-solution phases, galvanic corrosion is suppressed, since no nobler or less noble phases are present. However, as discussed above, the galvanic corrosion between phases was found in some HEAs with more than one phase. In galvanic corrosion, the corrosion of the least noble phase is accelerated by another nobler phase where the corresponding cathodic half reaction happens [36] . A common example of severe galvanic corrosion is graphitic corrosion in gray cast irons, consisting of graphite flakes (nobler phase) in a matrix of ferrites or pearlites (least noble phase) [36] . Similarly, a good example of galvanic corrosion in HEA systems is Cu segregation. Cu tends to segregate as clusters, forming Cu-poor dendrites and Cu-rich interdendrites during solidification due to their weaker bonding energies (chemical mixing enthalpy, ΔH chem ) with Fe, Co, Ni, and Cr [9, 13, 47, 48] . For example, a well-studied HEA, Al 0.5 CoCrCuFeNi, consists of Cu-rich interdendrites in a Cu-depleted matrix [9, [47] [48] [49] . When Al 0.5 CoCrCuFeNi corrodes in an aqueous environment, the matrix becomes relatively noble, while Cu-rich interdendrites corrode readily, with the electrically-connected network of Cu-rich interdendrites acting as the cathodic-charge distribution system. The more active Cu-rich interdendrites can be continually consumed by the anodic half-reaction, which is supported by the cathodic half-reaction occurring in the Cu-depleted matrix. Galvanic corrosion between constituent phases also occurs in other Cu-containing HEA systems. Hsu et al. [25] found that CoCrCu x FeNi alloys suffered from localized corrosion after immersion tests in aerated 3.5 weight percent (wt.%) NaCl solution at room temperature for 30 days. The localized corrosion was found along the Cu-rich interdendrites in both CoCrCu 0.5 FeNi and CoCrCu 1.0 FeNi, but not in the Cu-free CoCrFeNi HEA. Generally, the corrosion of Cu-containing HEAs is mainly attributed to the galvanic corrosion caused by the Cu segregation. The corrosion resistance generally decreases with the increase of the Cu concentration.
Heat-Treatment Effects on Corrosion Behavior of HEAs
Heat treatments are commonly adopted in processing conventional alloys. Different heat-treatment processes act differently on the microstructures and properties of the materials. For example, heat treatment of conventional alloys aimed at producing peak hardness and enhanced mechanical performance could result in the growth of precipitates, which can be attacked by galvanic corrosion and pitting [36] . The localized corrosion will be more severe, if the precipitates electrically connect to each other forming a network. On the other hand, certain heat treatments can homogenize the chemical distribution of elements, which is beneficial for the corrosion resistance of the material. A good example is that Cr-carbide precipitates in stainless steels can be re-dissolved, leaving the Cr evenly dispersed in the parent alloy, via the heat treatment above 1,035 °C, followed by rapid quenching [36] .
Based on Equation (2), increasing ΔS mix will reduce the Gibbs free energy of HEAs, which stabilizes the solid-solution phase and suppresses the growth of intermetallic precipitates. This effect should be more pronounced at elevated temperatures. As discussed above, a more uniform structure is related to a higher corrosion resistance. Thus, such high-entropy effects at greater temperatures homogenize the microstructures and tend to improve the corrosion resistance of HEAs. If the heat-treatment conditions were properly selected, homogenization at certain high temperatures would dissolve Cr-rich and/or Curich phases. The corrosion resistance of these alloys should be enhanced. For example, in the CoCrCu 0.5 FeNi HEA, the Cu-rich phase was successfully dissolved into an FCC matrix aging at 1,100 °C-1,350 °C, which resulted in better corrosion properties, compared with those aged at 350 °C-950 °C [33] . It is noteworthy that not all heat treatments are suitable to advance the corrosion resistance of HEAs, as the effect can sometimes be contrary to what was desired. Examples are that several heat-treated HEAs, such as Al 0.5 CoCrFeNi [31] and CoCrCu 0.5 FeNi [33] , were reported to be susceptible to corrosion in a 3.5wt.% NaCl solution. In these cases, the heat treatments did not homogenize the microstructure, but instead, promoted the formation and growth of Cr-rich and/or Cu-rich phases rather than forming single-phase microstructures.
Comparisons with Conventional Corrosion-Resistant Materials
Among conventional corrosion-resistant materials, there are two major groups: one group that withstand high-temperature and dry or gaseous corrosion (called heat-resistant alloys, HRAs), and the other that withstand low-temperature aqueous corrosion (called corrosion-resistant alloys, CRAs). Most of the materials are competent for only one application as either HRA or CRA; whereas only a few alloys can be used for both applications (e.g., Inconel 625) [50] . As a new advanced engineering material, the chemical composition and microstructure of some HEAs present many similarities with conventional HRAs and/or CRAs, including the high concentrations of Cr, Fe, and Ni elements, and a single FCC lattice structure. Meanwhile, as MPEAs, HEAs can be alloyed more heavily than stainless steels and Nibased alloys, meaning that larger amounts of specific elements may possibly be dissolved intentionally to tailor the HEAs for particular environments. Certain HEAs (e.g., Al x CoCrFeNi when x ≤ 0.3) have hold better chances to serve as HRAs and/or CRAs, owing to their high-temperature strengths, being homogeneous as a single FCC structure at all temperatures, and lower cost, which leads to a wide range of industrial applications [17, 41, [51] [52] [53] [54] . In fact, the corrosion performance of HEAs is comparable or even superior to that of conventional alloys in certain aqueous corrosion environments, as will be discussed below.
The corrosion resistance of metals or alloys can include several parameters, such as the corrosion potential (E corr ), pitting potential (E pit ), corrosion current density (i corr ), and corrosion rate. The E corr is the reactivity of the alloy, a higher value of which indicates a more stable material. The E pit represents the resistance of the material to pitting corrosion. The i corr is relevant to the corrosion rate, as will be discussed below. According to the American Society for Testing and Materials (ASTM), G31-12a [55] , Standard Guide for Laboratory Immersion Corrosion Testing of Metals, the average corrosion rates can be determined by the weight-loss method, which can be calculated from the following equation: . This method is applicable to uniform corrosion. If the surface examination shows that the major types of corrosion are localized corrosion and/or pitting, the corrosion rate is usually determined using electrochemical-polarization measurements. Based on ASTM G102-89 [56] , Standard Practice for Calculation of Corrosion Rates and Related Information from Electrochemical Measurements, Faraday's Law can be used to calculate the corrosion rate in terms of the mass-loss rate: w here i corr is the corrosion current density in μA/cm 2 , ρ is the density in g/cm 3 , and EW is the alloy equivalent weight, which is given by:
w here n i is the valence of the ith element of the alloy, f i is the mass fraction of the ith element in the alloy, and W i is the atomic weight of the ith element in the alloy. The density of HEAs is calculated, using the rule of mixtures of pure elements, as shown below:
w here c i , A i , and ρ i are the atomic fraction, the atomic weight, and the density of the element, i, respectively. The ρ i values of the alloying elements are taken from [57] .
A detailed comparison on the corrosion behavior between conventional corrosion-resistant alloys and HEAs is demonstrated in Table 2 . Corrosion parameters, including E corr , E pit , and i corr of HEAs and stainless steels in 3.5 wt.% NaCl solution at room temperature are summarized in detail (Table 2 and Figure 3) . Generally, the corrosion potential and pitting potential of HEAs are comparable with those of 304 stainless steels. However, the corrosion current density of some HEAs tends to be much lower, which suggests a lower corrosion rate, as indicated in Equation (4) . A comparison of the corrosion rate (mm/year) calculated from electrochemical measurements and the weight loss method is also shown in Table 2 and plotted in Figure 3 . Data obtained from other materials, such as stainless steels, low alloy steels, low carbon steels, nickel alloys, aluminum alloys, and titanium alloys, and bulk metallic glasses (BMGs) are included for comparison. Corrosion rates of HEAs in the 3.5 wt.% NaCl solution at room temperature are generally lower than those of low carbon steels and low alloy steels, and comparable with stainless steels and aluminum alloys. It is notable that the CoCrCu 0.5 FeNi HEA heat-treated at 1,250 °C for 24 h exhibits comparably low corrosion rate with nickel alloys and titanium alloys. The outstanding corrosion resistance of the heat-treated CoCrCu 0.5 FeNi HEA can be explained by the fact that the heat treatment at 1,250 °C for 24 h is sufficient to dissolve Cu-rich segregation adjacent to grain boundaries in CoCrCu 0.5 FeNi HEA, as discussed previously. Similarly, corrosion properties of HEAs in the 0.5 M H 2 SO 4 solution are listed in Table 1 . Several HEAs, such as CoCrFeNi, have good corrosion properties, including relative high corrosion potentials, low corrosion current densities, large passive regions, and low corrosion rates, compared with conventional alloys (Figure 4) . The enhanced corrosion properties of CoCrFeNi are attributed to its single FCC solid-solution microstructure, which is favorable for the formation of a stable passive film. Thus, it is believed that some certain compositions with a proper processing method should make HEAs as good corrosion-resistant alloy candidates. 
Suggested Future Work
Based on a number of publications focusing on the aqueous corrosion of HEAs in various environments, synergistic effects of more than one environmental factor have not been rigorously incorporated in this cutting-edge research area. From the experimental perspective, several following uncertainties and future directions are suggested for researchers' consideration:
(1) Residual stresses from cold working, hot forging, and other sources can lead to higher corrosion rates, causing stress corrosion cracking (SCC) [61] . However, cold working and hot forging, such as upset forging, tend to effectively remove casting defects, refine microstructures, improve the strengths, and accelerate the homogenization process of as-cast alloys [62] . The effects of residual stresses on the corrosion behavior of HEAs can be further investigated. (2) Al addition has a positive influence on mechanical properties but a negative influence on corrosion resistance of some HEA systems, such as Al x CoCrFeNi systems. The Al ratio can be tuned to determine an optimal HEA composition, which yields a combination of both high strength and good corrosion properties. (3) Welding has a number of effects on the metallurgy and corrosion resistance of alloys, because the uncontrolled melting and re-solidification will lead to grain size and chemical composition changes. The corrosion behavior of this region, known as the heat-affected zone (HAZ), can be an interesting topic to be studied. (4) Corrosion fatigue is an important but complex mode of failure for high-performance structural metals operating in deleterious environments [63] . The corrosion-fatigue behavior of HEAs in aqueous electrolytes can be characterized with an effective life-prediction model. (5) A single-phase alloy without precipitates and elemental segregation tends to exert better corrosion properties. Exploration on the corrosion behavior of single-phase HEAs in both as-cast and heat-treated conditions will complete the current database on the corrosion properties of HEAs.
Conclusions
This article reviews the current progress concerning the investigations on the aqueous corrosion behavior of HEAs. The corrosion of two major groups of HEAs, Al-and Cu-containing HEAs, is discussed.
(1) Al-alloying affects the passive film properties of HEAs. In the Al-containing HEA family, an increase in the Al concentration generally leads to the formation of porous passive films and poor corrosion resistance. Moreover, the increase in the Al content encourages the growth of the BCC phase in AlxCoCrFeNi and AlxCrFe 1.5 MnNi 0.5 HEA systems, in which the passive films tend to be less stable and more susceptible to corrosion, as compared with that formed on the surfaces of an FCC structured HEAs with low Al ratios (e.g., x ≤ 0.3). (2) In Cu-containing HEA systems, Cu alloying was found to exert deleterious effects on the corrosion resistance, which induces galvanic corrosion due to its segregation. The corrosion resistance of Cufree HEAs is generally better than Cu-containing HEAs. (3) Heat treatments at appropriate temperatures, which homogenize the microstructure and dissolve segregation phases (e.g., Cu-rich phases in Cu-containing HEAs), can enhance the corrosion resistance of HEAs. (4) HEAs with a single-phase microstructure, especially an FCC structure, tend to have better corrosion resistance than multi-phase HEAs. Some single FCC-structure HEA, such as CoCrFeNi, are comparably and even more corrosion-resistant than conventional alloys.
Thus, it is concluded that HEAs with a proper design in alloy compositions and post-casting treatments can be developed for their promising applications as aqueous corrosion-resistant structural materials.
